The placenta provides critical transport functions between the maternal and fetal circulations during intrauterine development. Formation of this interface relies on coordinated interactions among transcriptional, epigenetic, and environmental factors. Here we describe these mechanisms in the context of the differentiation of placental cells (trophoblasts) and synthesize current knowledge about how they interact to generate a functional placenta. Developing an understanding of these pathways contributes to an improvement of our models for studying trophoblast biology and sheds light on the etiology of pregnancy complications and the in utero programming of adult diseases.
Infants born before the 37th week of gestation are considered premature, and their care places an enormous burden on the health care infrastructure. In developed countries such as the United States, preterm delivery accounts for approximately 10%-13% of all deliveries (1) . Despite advances in our understanding of the risk factors associated with preterm delivery, the rate has risen over the past 2 decades, due in large part to parallel increases in indicated preterm deliveries (1) . In developed countries, iatrogenic delivery is responsible for almost half the births that occur between the 28th and 37th weeks of gestation. These are due mostly to placental pathologies such as preeclampsia, in which a dramatic increase in maternal blood pressure is accompanied by excess protein in the maternal urine and signs of maternal vascular damage. If untreated, the syndrome can lead to maternal seizures.
Along with the rise in preterm delivery rates, the survival of preterm infants has increased due to medical and technological advances (2) . This convergence has resulted in a greatly expanded population of patients admitted to and graduating from intensive care nurseries, placing ever-greater emotional and economic demands on society. Not only are these infants more likely than their counterparts born at term to develop complications such as bronchopulmonary dysplasia, failure to thrive, pulmonary hypertension, cerebral palsy, and blindness, but they are also more likely to develop chronic adult ailments such as diabetes and heart disease (3). This increased risk stems in part from the fact that environmental insults incurred in utero can result in long-lasting increases in disease susceptibility via a process known as fetal programming. However, dramatic changes in the fetal environment as a result of premature birth can also result in an increased risk, later in life, of cardiovascular disease and diabetes (4) . While further improvements in neonatal care are critical for diminishing the long-term consequences of prematurity, prevention or delay of preterm delivery will have the greatest health care impact for this at-risk population. A better understanding of the most common placental pathologies, such as those associated with preeclampsia and/or intrauterine growth restriction, is therefore of paramount importance for advancing maternal, fetal, and adult medicine.
The placenta is a remarkable organ. Short lived by design, its brief existence enables the mammalian embryo/fetus to survive within the confines of the intrauterine environment. The diversity of functions performed by the placenta is impressive, ranging from anchoring the conceptus and preventing its rejection by the maternal immune system to enabling the transport of nutrients and wastes between the mother and the embryo/fetus. As with all organs, it performs these functions via multiple specialized cell types derived from lineage-committed precursors that either proliferate or differentiate. This process depends on a coordinated interaction among genetic, epigenetic, and physiological cues that are differentially interpreted as a function of gestational age. Each developmental event leading to the formation of a mature placenta is contingent upon the conditional transformation of prior structures. Developmental information, therefore, has its own history, i.e., an "ontogeny of information," that includes changes in the environment over time as an important variable (5) .
The placenta is a chimeric organ containing both maternal and fetal structures ( Figure 1 ). While placental cells (trophoblasts) initially proliferate much more rapidly than the embryo following implantation (6) , formation of the maternal-fetal interface and subsequent oxygen and nutrient transport result in a 40-fold increase in the fetus/placenta weight ratio in humans at term (7) . This feat is accomplished by a massive increase in placental transport capacity due to a diverse set of developmental processes, including branching and nonbranching angiogenesis, branching morphogenesis, and trophoblast differentiation into several cell types, including invasive cytotrophoblasts (iCTBs) and multinucleated syncytiotrophoblasts (SynTs). The bulk of our knowledge regarding the development of the human placenta stems from analysis of this organ following pregnancy termination or premature delivery. Additionally, animal models such as the mouse have proven invaluable for deciphering the molecular mechanisms responsible for placentation as well as the earliest events in establishing the trophoblast lineage. Although there are some structural and functional differences between human and mouse placentas (Figure 1 , A-C vs. D-E, respectively), we can still use information gleaned from the mouse to understand the molecular underpinnings of human placentation and the defects in this process that are associated with pregnancy disorders. For example, while it was once assumed that preeclampsia was primarily a human malady, it is now possible to model this disease in rodents (8) (9) (10) (11) (12) (13) .
A great deal is known about the many determinants that specify trophoblast differentiation and placental development. Here we concentrate specifically on the intersection between transcriptional, epigenetic, and physiological factors in specifying placental cell fate. Pregnancy complications such as preeclampsia and intrauterine growth restriction are thought to arise, at least in part, from aberrations of transcriptional responses to physiological stimuli such as hypoxia (14) . Additionally, fetal programming mechanisms depend on the interplay of transcriptional and epigenetic regulators with environmental cues to induce alterations that manifest as disease susceptibility in adults (15) . In this context, a greater understanding of the integrating mechanisms will yield important insights into how this newly appreciated phenomenon translates into clinical pathology during adulthood.
Transcriptional regulation of trophoblast fate
Early lineage restriction within the blastocyst. In mice, establishment of the extraembryonic lineages is considered the first differentiation step during early embryonic development. Following compaction (an increase in intercellular adhesion that causes all the cells to
Figure 1
Comparative anatomy of human and mouse placentas. Placentation is categorized by the relationship between trophoblasts and the maternal cells/ tissues with which they come into contact. In the hemochorial placentas of humans (A-C) and mice (D-F), the maternal vessels are invaded and colonized by invasive trophoblasts (not shown). Beneath lies a progenitor population of mononuclear vCTB. At the uterine wall, iCTBs differentiate along the invasive pathway to form anchoring villi (AV). A subset of iCTBs breaches spiral arterioles and differentiates into an endovascular subtype that replaces the resident maternal endothelium (not shown). (C) The cross-sectional anatomy of a floating villus shows that the apical surfaces of SynTs are covered with branched microvilli that maximize their surface areas for gas and nutrient/waste exchange. The blood vessels that ramify through the villous stroma carry embryonic/fetal blood. (D) In mice, maternal blood from decidual spiral arterioles flows through blood sinuses in the SpT layer to reach the labyrinth. (E) TGCs, like iCTBs, anchor the placenta to the uterus and invade the spiral arterioles (not shown). (F) In mice, maternal blood is in direct contact with a layer of mononuclear trophoblasts (MNTs, also known as S-TGCs) that is surrounded by a bilayer of SynTs, which are in close proximity to fetal capillaries. adopt a more flattened morphology), two distinct cell populations are created. The outer layer, termed the trophectoderm (TE), exhibits features of polarized epithelia, with apical microvilli and the asymmetric distribution of tight and adherens junctions (Figure 2) . The component cells give rise to the placenta (reviewed in ref. 16 ). An underlying aggregate of irregular nonpolarized cells forms the inner cell mass (ICM). TE cells in direct contact with the ICM, the polar TE, give rise to trophoblast stem (TS) cells in vitro and populate the major structures of the placenta in vivo (Figure 2 ). The ICM ultimately gives rise to the embryo proper (in vivo) or ES cells (in vitro). Studies in the mouse have revealed the critical importance of a set of lineage-restricted transcription factors for the establishment, maintenance, and pluripotency of ES cell identity ( Figure 3 ): octamer 3/4 (OCT4) (17) , SRY-box-containing gene 2 (SOX2) (18) , NANOG (19) , sal-like protein 4 (SALL4) (20) , and Krüppel-like factor 4 (KLF4) (21) . This list is not likely to be exhaustive because various sets of transcription factors can induce pluripotency in differentiated cell types (22) .
Extraembryonic development also depends on a unique subset of transcriptional regulators (Figure 3) . Expression of the Drosophila caudal-related transcription factor Cdx2 is restricted in mice to the TE; its overexpression in mouse ES cells results in the adoption of TE cell fates (23) , while its absence results in embryos lacking TE-to-trophoblast differentiation (24) . Therefore, while CDX2 is not critical for initially specifying the TE, it is nevertheless required for its maintenance and subsequent differentiation.
Specification of the TE in mice also requires the transcription factor TEA-domain family member 4 (TEAD4). Tead4 -/-embryos die at the peri-implantation stage and fail to form a blastocoel - the fluid-filled cavity inside the early embryo that is essential for formation of the three embryonic germ layers (25, 26) . In these embryos, Cdx2 expression is lost after the morula stage and the entire conceptus consists of ICM derivatives with ubiquitous Oct4 and Nanog expression. Consistent with their critical role in establishing TE cell fates, TS cells cannot be isolated from these embryos, while ES cells can. Unlike Cdx2, Tead4 expression is not restricted to the TE, suggesting that other lineage-specific factors, such as Yes-associated protein 1 (Yap1; also known as Yap) (27) (28) (29) , may cooperate with TEAD4 to produce the observed effects on TE specification. After TEAD4 and CDX2, the product of the T-box gene eomesodermin homolog (Eomes) is the earliest acting transcription factor known to be required for key postimplantation lineage commitment steps, and mice lacking Eomes gene expression fail to exhibit proper TE-to-trophoblast differentiation (30) . Although implantation does occur, the conceptus arrests at a blastocyst-like stage of development (30) .
Following implantation in mice, TE cells not in direct contact with the ICM (i.e., the TE cells that form the mural TE) differentiate into primary trophoblast giant cells (1° TGC) that may be analogous to iCTBs in humans (Figures 1 and 2 ). Unlike secondary TGCs (2° TGCs), which arise from the polar TE and frequently pass through a spongiotrophoblast (SpT) stage of development (Figure 2 ), 1° TGCs arise directly from the mural TE. 1° and 2° TGCs together compose the parietal TGC (P-TGC) population that anchors the placenta to the uterus and engages in the remodeling of maternal vasculature critical for establishing blood flow to the placenta (Figure 1 ). TGCs and iCTBs undergo a fascinating process of DNA replication without intervening mitoses (endoreplication), resulting in the formation of highly polyploid cells (reviewed in ref. 31 ). Some of the molecular mechanisms regulating this process are beginning to be understood. For example, mouse embryos lacking the cell-cycle regulatory protein Geminin contain only polyploid TE and fail to express OCT4 at the blastocyst stage of development (32) . Geminin, which is detected as early as the 8-cell stage, had previously been determined to regulate ploidy in cancer cells via its role in replication licensing (33) (34) (35) . Geminin is downregulated during the S- and G-like phases of endoreplicating TGCs via proteasome-mediated degradation (32) . Cyclin E is also required for proper endoreplication in mice, and deficient cyclin E activity results in embryonic lethality due to impaired placentation (36, 37) . Therefore, early lineage specification in the mouse blastocyst depends on the proper regulation of cell ploidy. Consistent with this observation, the formation of tetraploid mouse embryos following electrofusion of late 2-cell-stage embryos (38) results in the formation of cells that are largely restricted in their developmental potential to the TE (39), although some early embryonic contribution has also been noted (40) . Thus, absolute DNA content can direct cell fate, restricting early differentiation to short-lived extraembryonic structures when deviations from diploidy are detected. In line with these observations, human trophoblast cells exhibit remarkable genetic heterogeneity at the chromosomal level (41) .
The interdependence of placental cell fates. Unlike the mural TE, which immediately differentiates into postmitotic 1° TGCs that contribute directly to the P-TGC population, the polar TE continues to proliferate and gives rise to diploid cells that comprise the extraembryonic ectoderm (ExE). Precursors within the ExE
Figure 2
Lineage segregation within the mouse blastocyst and early placenta. (A) At day E3.5, the blastocyst comprises an outer TE destined to populate the placenta and an ICM destined to form the embryo. TE cells not in direct contact with the ICM form the mural TE, whereas those adjacent to the ICM form the polar TE. The polar TE gives rise to the ExE, from which TS cells can be derived in vitro. (B) Following implantation, mural TEs initiate the first wave of TGC differentiation to form 1° TGCs, which contribute directly to the P-TGC population. Cells within the polar TE continue to proliferate and populate the ExE. Some 2° TGCs arise directly from the ExE. Along with 1° TGCs, they compose the P-TGC population that lines the implantation site. Cells within the ExE then differentiate to form the chorionic plate and the EPC. The chorionic plate is responsible for populating the mouse labyrinth with SynTs and a subset of 2° TGCs called S-TGCs. Together, these cells are responsible for the transport functions of the placenta. Cells within the EPC can either differentiate into a population of lineage-committed progenitors known as SpTs, which then differentiate into 2° TGCs, or they can directly differentiate into various 2° TGCs subtypes.
proliferate to generate the chorionic plate as well as the ectoplacental cone (EPC) (reviewed in ref. 31 ). The EPC is itself a stem cell compartment that gives rise to other subpopulations of 2° TGCs either directly or through a lineage-committed progenitor (SpT) population, while cells within the chorionic plate, chorionic trophoblasts (CTs), give rise to the cells that form the transport interface - SynTs and sinusoidal TGCs (S-TGCs) (42) . TS cellsstem cells that exclusively contribute to the mouse placenta - can be isolated from the blastocyst (E3.5) or egg cylinder/early streak stage (~E6.5), but this potential is lost soon after (43, 44) . In the presence of FGF4, these cells proliferate indefinitely when cocultured with mouse embryonic fibroblasts and, upon growth factor withdrawal, spontaneously differentiate into two of the major cell types of the mature placenta: TGCs and their SpT precursors.
A number of transcription factors are known to be important for the allocation of cell lineages within the mouse placenta following implantation, and their genetic inactivation can result in large scale disruptions of placental structure. For example, activating enhancer-binding protein 2γ (AP-2γ), which is initially broadly expressed in the mouse blastocyst, becomes restricted to the ExE after E5.5. Disruption of Ap2g gene expression results in a reduction in 1° TGC differentiation, a grossly disorganized ExE, and a smaller than normal EPC (45) . Estrogen-related receptor β (ESRRβ) deficiency, on the other hand, causes embryonic lethality at approximately E10.5 (46) , when the mouse embryo begins to rely on a well-perfused placenta with a functional circulatory system to fulfill its metabolic needs (47) . These embryos fail to vascularize the labyrinth and exhibit large aberrations in the allocation of terminally differentiated cell types, with an overabundance of TGCs and a severe deficit of SpT precursors. This is a recurring theme in many developmental processes, including formation of the placenta, wherein the lack of critical transcriptional regulators results in aberrant proliferation and/or differentiation of lineage-committed precursors. Along these lines, the retinoblastoma tumor suppressor gene (Rb) has surprisingly been found to be critical for extraembryonic development (48) . Indeed, placentas developing from embryos lacking Rb gene expression exhibit continued cell proliferation and a failure to develop a normal labyrinth layer. The critical role of Rb in placental development resides solely in early progenitors, and its inactivation exclusively in placental cells derived from the ExE and EPC fails to recapitulate the Rb-null phenotype (49) . All additional phenotypes observed in Rbnull embryos are secondary to the placental defects. Similarly, the paternally imprinted gene mammalian achaete scute homolog 2 (Mash2), which encodes a basic helix-loop-helix (bHLH) transcription factor, is required for the proper formation of all placental cell types (50) . In its absence, the chorionic plate - a derivative of the ExE that, along with fetal blood vessels, forms the labyrinth - fails to vascularize, SpTs are lost, and TGC numbers are increased (50) . However, chimeric analyses show that Mash2 is required for cell maintenance only in the SpT layer, suggesting that impaired labyrinth formation is a secondary phenomenon (51) . Additionally, forkhead box D3-null (Foxd3-null) placentas also contain an excess of TGCs due to an inability of progenitor proliferation and premature differentiation (52) . These findings highlight the interdependence of the various differentiation pathways that form the mature placenta.
Transcriptional regulation of uterine invasion. Anchoring the conceptus to the uterus is a critical placental function. In mice, TGCs perform this role, which involves iCTBs in humans. The bHLH transcription factor HAND1 is critical for TGC formation, and HAND1-deficient mouse embryos die in utero between E7.5 and E8.5 (53, 54) . Both primary and secondary TGCs are affected in these mice, and the invasive capability of Hand1 -/-cells in vitro is substantially reduced (55) . It has become increasingly apparent that 2° TGCs can be grouped into at least four subtypes with differing origins, morphologies, locations, and functions (42) . Despite this fact, HAND1 appears to be required for the formation of all known TGC subtypes, including 1° TGCs, suggesting an early stem cell role. Similarly, the bHLH transcription factor stimulated by retinoic acid 13 (Stra13) also promotes TGC formation (56) . Interestingly, retinoic acid treatment promotes TGC formation from TS cells apparently by bypassing the SpT intermediates, consistent with the idea that there are various TGC lineages (42) . HAND1 activity is subject to competition from other related factors. The dominant-negative HLH genes inhibitor of DNA binding 1 (Id1) and Id2, for example, are expressed only in the mouse chorion (57) and inhibit TGC formation (58) . Id family members appear to play an equally important role in governing human trophoblast differentiation (59) . Id2 expression decreases as human cytotrophoblasts differentiate into iCTBs, and this process is diminished in the setting of preeclampsia. Constitutive expression of Id2 in cultured human cytotrophoblasts constrains differentiation and invasion. Similarly, expression of another bHLH antagonist gene, inhibitor of MyoD family a (Imfa), also promotes TGC formation in mice, possibly by inhibiting MASH2 (60). TGC and iCTB invasion anchor the mouse and human conceptus, respectively, to the uterus, and the endovascular component of this process enables remodeling of maternal spiral arterioles, thereby establishing blood flow to the placenta (reviewed in ref. 61) . A subset of iCTBs and TGCs breaches spiral arterioles and differentiates into an endovascular subtype that replaces the resident maternal endothelium and intercalates within the smooth muscle walls of the vessels. In a fascinating transdifferentiation process, human iCTBs with a primarily epithelial phenotype acquire vascular/endothelial characteristics. The component steps include downregulation of integrin α 6 β 4 and E-cadherin and upregulation of integrins α V β 3 and α 1 β 1 , VE-cadherin, VCAM-1, and PECAM-1 (reviewed in ref. 62 ). Additionally, iCTBs produce a number of proteins that are involved in extracellular matrix degradation (reviewed in ref. 63) . In humans, the transcriptional basis of this tumor-like gene expression program remains largely unknown. One possibility is that these changes are somehow linked to the aforementioned aberrations in chromosome number that are coincident with iCTB differentiation. Given the large-scale gene expression changes observed (M. Gormley, N. Hunkapiller, and S.J. Fisher, unpublished data), epigenetic mechanisms and environmental factors are also likely to be involved. Importantly, this process transforms maternal spiral arterioles into low-pressure conduits. Understanding the molecular underpinnings of endovascular invasion is critical to maternal-fetal medicine. Aberrations of this "physiological transformation" that result in shallow invasion and underperfusion of the fetal unit are part of the placental component of preeclampsia that somehow triggers maternal hypertension and other manifestations of this serious complication of pregnancy. If untreated, this syndrome can progress to the life-threatening condition eclampsia, which is characterized by maternal seizures (reviewed in ref. 64) .
Formation of the maternal-fetal transport interface. Glial cells missing-1 (GCM1) is the earliest-acting transcription factor known to function during formation of the mouse placental labyrinth. Its expression in the chorionic plate region marks the first lineagecommitted progenitors destined to differentiate into the multinucleated SynTs that form the interface between maternal and fetal vessels (65) . Similar to TGC differentiation, formation of the labyrinth in mice involves the generation of multiple labyrinth-specific subtypes that can be characterized based on marker gene expression and localization. The chorionic plate, which is composed of CTs, is derived from the ExE, while SpTs and most secondary TGCs are derived from the EPC (Figure 2) . Clusters of cells within the chorionic plate initiate Gcm1 gene expression at day E7.5. In its absence, the chorionic plate remains compact, fetal vessels do not invade into the placenta, and similarly to the effect of HAND1 on TGC differentiation, SynT differentiation does not occur. Interestingly, Gcm1 gene expression as well as terminal differentiation within the chorionic plate is dependent on the expression of the Ets-domain transcriptional repressor Ets2 repressor factor (Erf) (66) . Erf-null mice fail to induce Gcm1 gene expression in the chorionic plate and maintain Esrrb expression, thereby inhibiting differentiation of the chorionic plate into the mature labyrinth. Erf-null TS cells exhibit delayed differentiation, maintaining expression of the TS cell marker genes Cdx2, Esrrb, and Eomes and expressing reduced levels of the SpT-specific gene trophoblast-specific protein α (Tpbpa; also known as 4311). Erf and Gcm1 expression thus define a population of lineage-committed progenitors destined to form the labyrinth, and its absence precludes SynT differentiation. Another Ets-domain transcription factor gene, Ets2, is also required for early trophoblast differentiation. In its absence, there is substantially reduced CT development and decreased expression of ExE markers (67) . Ets2-null TS cells grow more slowly than their WT counterparts and express less Cdx2 (68) . Required slightly later for formation of the labyrinth, CCAAT/enhancer-binding protein α (C/EBPα) and C/EBPβ are coexpressed in the early-gestation chorionic plate and later in trophoblasts of the labyrinthine layer. In placentas lacking both C/EBPα and C/EBPβ, blood vessels invade the chorion but vessel expansion and development of the labyrinthine layer are impaired (69) . Interestingly, in mice, fetal endothelial cells are separated from maternal blood by 3 trophoblast layers: a mononucleated TGC subtype (S-TGCs) and two separate SynT layers (70) (Figure 1, D-F) . These cells express unique marker genes and, like TGCs, appear to arise from distinct precursors in the chorion that differentiate along their respective paths before morphogenesis begins. Interestingly, S-TGCs may also derive from the chorionic plate in mice, as opposed to the EPC, highlighting the diverse origin of TGC subtypes (42) . In humans, as gestational age advances, the precursor villous CTB (vCTB) layer that underlies the SynT (Figure 1 , B and C) becomes discontinuous, which may limit the ability of the human placenta to repair itself.
A major difficulty with attempting to study SynT function is the inability of TS cells to readily form these cells in vitro. Surprisingly, we have demonstrated that the oxygen-sensitive transcriptional regulator HIF actively suppresses SynT formation from TS cells in culture (71) . This occurs in an oxygen-independent manner and is due to the modulation of cellular histone deacetylase (HDAC) activity by the HIF family of transcription factors. HIF deficiency, as well as generalized HDAC inhibition, prevents TGC and SpT formation from mouse TS cells and promotes the formation of SynTs (71) . This unexpected finding has now made it feasible to study SynT function more reliably in vitro, and studies of the mechanisms involved should yield new insights into key lineage commitment steps necessary for the formation of this critical placental cell type. Additionally, the results of these studies highlight the interrelationship of genetic, epigenetic, and environmental factors in TS cell fate determination (72) .
Epigenetic regulation of placental and embryonic development
Epigenetics refers to heritable alterations of gene expression independent of genomic nucleotide mutations. Epigenetic mechanisms form the foundation of a process termed programming, in which a cellular memory is imposed upon the progeny of lineage-committed precursors to ensure both the acquisition and maintenance of a terminally differentiated state (73) . In this context, somatic cells acquire progressively more epigenetic marks as they differentiate. Germ cells and early embryos are capable of resetting these marks - a process termed reprogramming (74, 75) . The methylation of cytosine residues in CpG dinucleotides is the best-known epigenetic modification; histone posttranslational modifications are another. A veritable alphabet soup of these modifications helps determine higher-order DNA structure by distinguishing heterochromatin, highly compacted gene-poor regions, from euchromatin, relatively decondensed gene-rich regions. The nature of DNA packaging around the nucleosome determines accessibility of the transcriptional machinery to genes (76) .
DNA methylation. Epigenetic mediators are increasingly understood to play important roles during early embryonic development (73) . With regard to DNA methylation, global patterns inherited from both parents are erased at the morula stage (77, 78) , coincident with early TE differentiation. Thereafter, establishment of the ICM is accompanied by a wave of de novo DNA methylation, which does not occur to the same extent in the TE, an epigenetic disparity that is maintained throughout gestation (79, 80) . However, recent work suggests that promoter-associated methylation patterns may actually be comparable between embryonic and extraembryonic components, which is consistent with comparable levels of transcriptional activity in each (81) . The importance of de novo DNA methylation is highlighted by the fact that genetic inactivation of the methyltransferases responsible for CpG dinucleotide methylation, DNA methyltransferase 1 (Dnmt1) and Dnmt3b, is lethal to developing mouse embryos (82, 83) . Conversely, overexpression of Dnmt1 in transgenic mouse embryos is also lethal. Additionally, Dnmt1 -/-mouse ES cells readily differentiate into TGCs under TS cell culture conditions, a phenotype that can be mimicked by culturing WT mouse ES cells in 5-azacytidine, an inhibitor of DNA methylation (84) . In this study (84) , a genome-wide screen identified the Ets family transcription factor gene E74-like factor 5 (Elf5) as methylated and repressed in ES cells and hypomethylated and expressed in TS cells. ELF5 binds to the Cdx2 and Eomes promoters, inducing their placental expression. Mouse embryos lacking the product of the Elf5 gene form mural TE and implant, but fail to expand the EPC (85) . At a molecular level, Cdx2 expression is initially established, but subsequently lost by E5.5. CpG-binding protein, a transcriptional activator that specifically recognizes unmethylated CpG islands, is similarly required for early embryonic development (86) . Highlighting the intersection of epigenetic regulatory pathways, impaired methylation in Dnmt3a -/-Dnmt3b -/-embryos is accompanied by substantially decreased HDAC activity (87) . The importance of the latter molecules was demonstrated by the ability of the HDAC inhibitor trichostatin A to impair mouse ES cell differentiation (88) . Consistent with these observations, ES cells derived from Dnmt3a -/-Dnmt3b -/-embryos adopt a largely extraembryonic cell fate upon differentiation (87) . Conversely, Oct4 expression is aberrantly induced in TS cells in the presence of 5-azacytidine (89) . The mouse Oct4 promoter is hypomethylated in ES cells but hypermethylated in TS cells. Importantly, in the placentas of Dnmt1 -/-mice, Oct4 is ectopically expressed (89) . This may explain why demethylation induced by systemic 5-azacytidine administration to pregnant rats results in the formation of smaller placentas, a severely attenuated labyrinth, and an excess of TGCs (90, 91) . Additional evidence implicating DNA methylation in ExE formation comes from the genetic inactivation of Dnmt3L, a cofactor for the de novo methyltransferases DNMT3A and DNMT3B that helps establish germline methylation patterns (92, 93) . Dnmt3L is highly expressed in the chorion, and Dnmt3L-null embryos fail to form a labyrinthine layer, likely due to the loss of Gcm1 expression. Additionally, the SpT layer is reduced, with a concomitant increase in TGCs.
Histone methylation. There are also a large number of proteins with histone methyltransferase activity (94) . These proteins are generally important for embryonic and placental development in mice. For example, the absence of the histone H3-K9 methyltransferase ERG-associated protein with SET domain (ESET) results in an inability of mouse embryos to progress beyond the blastocyst stage. Additionally, these embryos exhibit ICM growth defects and fail to give rise to ES cell lines (95) . Inactivation of either of the histone methyltransferase genes, G9a or Glp, leads to placental defects due to failed chorioallantoic fusion - the process allowing for the attachment of fetal vasculature within the allantois to the developing chorionic plate and SynT layer (96, 97) . While mice lacking both suppressor of variegation 3-9 homolog 1 (Suv39h1) and Suv39h2 survive to term, fibroblasts derived from these mice become progressively tetra- and polyploid in culture (98), suggesting that the methylation of pericentric heterochromatin mediated by Suv39h1 and Suv39h2 may play a role in TGC endoreplication. The polycomb group family members embryonic ectoderm development (EED), enhancer of zeste homolog 2 (EZH2), and suppressor of zeste 12 homolog (SUZ12) are responsible for H3-K27 methylation. Ezh2 and Suz12 mutations result in embryonic lethality due to placental defects characterized by failed chorioallantoic attachment (99, 100) . Eed mutants, on the other hand, exhibit placental defects due to impaired TGC differentiation (101, 102) . Finally, protein arginine methylation is also necessary for proper formation of the mouse placenta. For example, excess arginine methyltransferase activity decreases TE differentiation in favor of ICM formation (103) , while absence of protein arginine methyltransferase 1 (PRMT1) leads to embryonic lethality due to an inability to form the ectoplacental cavity (104) .
Histone acetylation. Numerous proteins with HDAC activity have been isolated. The classical HDAC family is divided into two classes based on homology to the related yeast proteins, reduced potassium dependence 3 and Hda1. While class I HDACs (HDAC1, -2, -3, and -8) are found ubiquitously, class II HDACs (HDAC4, -5, -6, -7, -9, -10, and -11) are expressed in a much more tissue-restricted fashion and play an important role in differentiation (105, 106) . In addition, the nonclassical HDACs, defined by homology to yeast Silent information regulator 2 (Sir2), are NAD + -dependent HDACs (107, 108) . While the classical HDACs can be inhibited by trichostatin A, the nonclassical ones cannot. Interestingly, the nonclassical HDACs require NAD + as a cofactor for hydrolyzing target acetyl groups. This link ensures that acetylation of histones or other proteins is tightly linked with cellular NAD + /NADH ratios (109) . The coupling of cellular energetics with nonclassical HDAC activity could be one mechanism responsible for their ability to affect life span in multiple organisms. Interestingly, the redox-sensitive HDAC sirtuin 1 (Sirt1) has recently been found to associate with HIF-2α under hypoxic conditions, thereby modulating the activity of this transcription factor (110) . Further highlighting the integration of metabolic and epigenetic effectors, global histone acetylation depends on the activity of ATP citrate lyase - the metabolic enzyme that converts citrate into acetyl CoA (111) . Although the underlying mechanisms are unclear, the data support a requirement for cellular acetyl CoA production, which, in turn, plays a role in histone acetylation.
Targeted inactivation of multiple HDAC enzymes has been described, with only a few required during early embryonic development (112) . In these cases, a specific role for placental HDAC activity has not yet been established. HDAC1 deficiency in mice results in embryonic lethality due to generalized proliferation defects secondary to increased expression of the cell-cycle inhibitors p21 and p27 (113) . While HDAC1 is highly expressed in the ExE and EPC, it appears that placental defects do not directly cause the embryonic lethality - with the caveat that tetraploid rescue of Hdac1 -/-embryos has not been attempted, an experiment that would prove the point. Similarly, HDAC7 deficiency results in endothelial cell dysfunction and, subsequently, embryonic death without obvious roles in the ICM or TE. The lack of HDAC3 manifests as gastrulation defects that impede further development past E9.5 (114) . However, pharmacologic inhibition of HDAC activity has profound effects on cell fate specification in TS cells (71) , suggesting that there is significant redundancy among individual HDAC family members during the early embryonic period. Offtarget effects of these drugs are also possible.
Metabolic regulation of placental and early embryonic development
Blastocyst activation, the transition from dormancy to implantation competency, is accompanied by global gene expression profile changes across multiple broad categories, including pathways that regulate the cell cycle, cell signaling, and bioenergetics (115) . This suggests that basic metabolic factors, in addition to transcriptional and cell signaling pathways, can be important determinants of successful early embryonic development. For example, following blastocyst activation in mice, there is a shift in metabolic substrates from pyruvate to glucose (116, 117) . Along these lines, there is a substantial increase in facilitative glucose transporter expression between fertilization and blastocyst formation (118) ; inactivation of the genes encoding glucose transporter 3 (GLUT3) or GLUT8 results in blastocyst incompetence (119) (120) (121) (122) . Glucose transporter expression in multiple cell types is under the control of environmental oxygen tension; this regulation is also observed in mouse blastocysts (123) . Thus, basic metabolic factors such as glucose and oxygen availability can profoundly affect early embryonic development. Additional nutrients, such as amino acids, also have been shown to regulate early embryonic development in mammals (124) .
Early on, investigators found that approximately 5% O 2 (as opposed to 21% O 2 in the atmosphere) recreates the in vivo oxygen environment for mammalian embryonic development - a phenomenon that has been demonstrated for rabbit (125) , mouse (126) (127) (128) (129) (130) , sheep, cow (131, 132) , and human (133) embryos. Conversely, 21% O 2 consistently decreases the percentage of single-cell embryos developing to blastocysts. Gene expression profiling of mouse blastocysts produced by in vitro fertilization (IVF) and cultured under 21% O 2 , as compared with their in vivo counterparts, revealed large-scale gene expression differences that were minimized when the culture conditions were changed to a hypoxic environment (130) . Along these lines, culture in lower O 2 levels helps maintain human ES cells in an undifferentiated state (134) . Importantly, the oviducts and uterine horns of mammals exhibit oxygen tension in the 3% range, suggesting that fertilization and the early stages of embryonic development take place in physiologically hypoxic environments (135) (136) (137) (138) .
Clinically, these findings have important implications for assisted reproductive technologies such as IVF. The appropriate oxygen environment for human embryos produced by IVF is also likely to be physiologically hypoxic. Recent data support this concept. Three prospective randomized trials compared the effects of physiological hypoxia (5% O 2 ) versus room air in terms of embryo development and blastocyst expansion. All found improved human embryonic development in reduced O 2 atmospheres and increased birth rates (139) (140) (141) . Furthermore, culture under hypoxic conditions reduces the rate of whole chromosome aneuploidies in mouse embryos (142) , suggesting that the increased rate of genetic abnormalities in IVF-derived embryos (143) may be partially attributable to supraphysiological oxygen exposure with subsequent HIF inactivation, along with ROS-mediated damage.
Following implantation, the first 10-12 weeks of human pregnancy transpires in the absence of significant maternal blood flow to the conceptus. Only after this point do spiral arteries perfuse the placental bed with maternal blood in a pulsatile fashion (144, 145) . In primates, plugs of endovascular iCTBs actually block the flow of maternal blood to the placenta during the first trimester (146, 147) . Direct measurement of O 2 tension within the intervillous space and in the exocoelomic fluid surrounding the amniotic sac in humans confirms that these regions are hypoxic, measuring approximately 20 mmHg (approximately 3%) (148) (149) (150) . Interestingly, the early human embryonic-placental unit utilizes alternative, phylogenetically ancient (151) metabolic pathways during this period (152) . The levels of polyols such as sorbitol, ribitol, and erythritol are much higher in the exocoelomic fluid and amniotic sac than in the maternal circulation. These pathways allow glycolysis to continue without the excess accumulation of lactate, which would otherwise lead to substantial changes in the pH of the fetal environment. This circuitry also helps maintain an appropriate redox status by replenishing cellular NADPH and, subsequently, reducing glutathione levels.
HIF-1, which is central to cellular hypoxia responses, is a nearly ubiquitous transcription factor complex that regulates many of the known cellular and organismal responses to oxygen deprivation. Under normoxic conditions, the HIF-1α subunit is constitutively transcribed, translated, and hydroxylated at multiple proline residues by a set of prolyl 4-hydroxylase enzymes. The hydroxylated prolines are recognized by the von Hippel-Lindau (VHL) E3 ubiquitin ligase complex, which targets HIF-1α for proteasomal degradation (153) . HIF-1β (also known as ARNT), which is constitutively stable, is expressed in a nuclear location. This system is finely tuned to sense oxygen tension. Following as few as 5 minutes of reoxygenation, most stabilized HIF-1α is degraded. In contrast, during hypoxia, mitochondria-derived ROS inhibit HIF-1α hydroxylation, enabling nuclear translocation, heterodimerization with ARNT, and activation of hypoxia-induced genes. We showed that ARNT is critical for development, particularly of the placenta, where oxygen tension regulates cell fate decisions (71, 154) . In particular, Arnt -/-placentas display a grossly disrupted architecture due to reduced progenitor proliferation resulting in impaired vascularization of the labyrinth (154) . Furthermore, conditions that produce constitutively active HIF (e.g., inactivation of the genes encoding mouse VHL or prolyl hydroxylase domain-containing protein 2 [PHD2]) also result in embryonic lethality due to impaired placentation (155, 156) . These findings indicate that precise regulation of HIF levels is critical for normal placentation in vivo. Additionally, we have shown that oxygenindependent induction of HIF activity plays important roles in mediating murine TS cell fate decisions, inhibiting SynT differentiation in favor of TGC formation (71) .
The role of HIF-dependent gene expression in human placental development has been much more difficult to resolve, due in large part to the absence of a human TS cell system. The difficulties are compounded by the model systems that are used in their place to investigate oxygen effects, which include human placental cell preparations of various cellular compositions and gestational ages, cell lines, and many different culture conditions. As a result, conflicting data have been published (157) . However, most findings support an important regulatory role for cellular metabolic status during placentation. In this context, the dynamic environment in which early placental development takes place suggests the need for more physiologically relevant models of human placentation. Additionally, while oxygen tension has been the center of attention, other metabolic factors, such as glucose concentration, need careful evaluation. Standard tissue culture medium contains significantly greater amounts of glucose than found in either maternal or embryonic/fetal blood. Along these lines, we have data showing that altering metabolic substrates other than oxygen can affect mouse TS cell differentiation pathways (H. Choi and E. Maltepe, unpublished data).
Summary and clinical implications
In summary, the cell-cell interactions at the maternal-fetal interface from implantation onward are a graphic illustration of the unique ability of trophoblasts to integrate the developing embryo/fetus with uterine tissues, which accomplishes an important anchoring function, and with the uterine circulation, which enables perfusion. It is widely appreciated that these connections are a critical component of normal human pregnancy, as defects lead to a spectrum of disorders. Although the causal relationships are unclear, it is possible that, at some level, this spectrum includes certain causes of infertility. Additionally, various overlapping mechanisms could account for a subset of pregnancy losses at early stages and, at later stages, complications that are associated with faulty placentation, such as intrauterine growth restriction and/or preeclampsia. It is generally less well appreciated that trophoblasts integrate the physiology of the developing offspring with that of the intrauterine environment and the mother as a whole. Through their oxygen-sensing capabilities, which are tied to key points of metabolic control, they relay signals that are likely to play important roles during the prenatal period in laying down the foundation of diverse aspects of health manifested over the following decades. As such, we theorize that the placenta, by virtue of its critical structural and functional roles, is a key link in the chain of events that lead to intrauterine programming of adult health. Discovering the molecular mechanisms that underlie these phenomena is the critical and exciting next challenge. We envision that monitoring these pathways could enable better prediction of pregnancy outcomes and real-time assessment of status in terms of maternal and fetal well-being, with therapeutic interventions another interesting possibility.
